I. INTRODUCTION
In everyday listening environments speech is frequently heard in the presence of a fluctuating masker, such as a competing talker. The fluctuating masker, in combination with the fluctuations of the target speech, results in ongoing changes to the signal-to-noise ratio (SNR) for different portions of speech. That is, within brief time intervals, individual speech segments can occur at favorable or unfavorable SNRs, depending on whether the segments coincide in time with the peak (on, higher level) or valley (off, lower level) portions of the fluctuating masker. Vowels, being the most intense portions of speech, are the speech segments most likely to occur at favorable SNRs, even within the onportion of the fluctuating masker. Furthermore, better SNRs within a dip of the noise masker (that is, between a preceding noise peak and a later occurring vowel), may also reduce the effect of forward masking (e.g., Humes et al., 2010) . Accordingly, vowels may be less susceptible to simultaneous and forward masking. In contrast, obstruent consonants, characterized by low intensity cues, are the speech segments most likely to occur at unfavorable SNRs (relative to the level of simultaneous or preceding noise peaks) and be affected more by simultaneous and forward masking. Furthermore, consonant cues are frequently transient in nature compared to the longer duration vowels (Stevens, 2002; Ladefoged and Disner, 2012) , and shorter stimulus durations can increase susceptibility to forward masking (Moore, 1981) . In addition, consonants and vowels in sentences interact with the rate of temporal modulation present during nonsimultaneous portions of a fluctuating noise (Fogerty et al., 2016) . Therefore, it is likely that a combination of simultaneous and forward masking contributes to the differences in perceptual resolvability of consonant and vowel cues in the presence of fluctuating maskers.
This study was designed to determine the extent to which vowels and consonants differ in their susceptibility to simultaneous and forward masking. Such masking differences might partially explain speech recognition in fluctuating masker conditions. We hypothesized that vowel identification would be less affected by simultaneous and forward maskers than consonant identification, due to the more advantageous SNR at which vowels typically occur. A second purpose was to determine how age and hearing loss affect consonant and vowel identification in simultaneous and forward masking. This purpose is particularly important as older adults with normal and impaired hearing demonstrate decreased abilities to capitalize on improved SNRs during dips in fluctuating maskers (Festen and Plomp, 1990; Takahashi and Bacon, 1992; Dubno et al., 2002; George et al., 2007; Gifford et al., 2007) .
With regard to vowels, vowel perception in noise by younger adults with normal hearing is likely better than consonant perception in noise, due to longer and more intense vowel cues compared to the shorter, low-level cues of obstruent consonants (Blumstein and Stevens, 1979; Kewley-Port et al., 1983) . Access to the slow, periodic fluctuations of vowels may also benefit vowel perception in temporally complex noise (e.g., Fogerty et al., 2015) . However, aging appears to negatively affect the ability to use these cues for vowel perception. For older adults, the benefit obtained from momentary improvements in speech audibility decreases as forward masking thresholds increase (Dubno et al., 2003) . Neural encoding of vowel periodicity declines for older adults even without hearing loss (Clinard and Tremblay, 2013) , which may limit the ability to use this temporal periodicity cue to identify vowels in a masker. In addition, older adults demonstrate poorer forward and backward masked thresholds for vowel identification in noise (Humes et al., 2010) . Thus, older adults may obtain less benefit from vowel cues, even when those cues occur at favorable SNRs. Given this evidence, we hypothesized that forward masking of vowels would result in poorer identification by older adults than by younger adults, due to age-related declines in coding slow periodic fluctuations of vowels.
Consonants (and in particular, stop consonants) are frequently characterized by brief, transient acoustic cues (Stevens, 2002; Ladefoged and Disner, 2012) . For all listeners, perception of transient stop consonant cues is limited in noise maskers due to frequently poor SNRs. However, identifying brief consonant cues in the presence of a fluctuating masker may present particular difficulties for older adults due to poorer temporal processing (e.g., Pichora-Fuller, 2003; Humes et al., 2010) . Given that detection of brief signals within a masker is poorer for older than younger adults (Dubno et al., 2002) , perception of brief consonant cues may be further limited for older adults with normal and impaired hearing, even with sufficient audibility. In addition, older adults with hearing loss have shallower slopes of recovery from forward masking (Svec et al., 2016) . Therefore, we predicted that consonant identification would be poorer than vowel identification for all listeners, and poorer for older adults than younger adults due to poorer detection of brief acoustic cues.
Reduced audibility as a result of hearing loss also significantly affects vowel and consonant identification, particularly for high-frequency consonants (e.g., Sher and Owens, 1974) . By providing appropriate amplification, speech perception by listeners with mild-to-moderate hearing loss can be equivalent to that of age-matched normal hearing listeners (Humes, 2007) . In addition, under conditions that assure equal speech audibility using threshold matching noise, consonant recognition is similar for normal-hearing and hearing-impaired listeners (Dubno and Schaefer, 1992) . The current study used the method of Humes (2007) to spectrally shape the speech materials (i.e., increase levels in 1/3 octave bands) to ensure audibility. However, spectral shaping does not control for other suprathreshold factors associated with cochlear hearing loss, such as broader auditory filters, which are known to significantly affect speech perception in noise (e.g., Baer and Moore, 1993) , or higher-than-normal forward masking thresholds (e.g., Glasberg et al., 1987) . In addition, spectral shaping introduces acoustic distortions that may be detrimental for speech perception, particularly for temporally complex speech tasks (Fogerty et al., 2015) . These suprathreshold factors beyond audibility may be especially relevant for perception of isolated syllables, where the compensatory role of top-down linguistic and cognitive factors may be limited (e.g., Bronkhorst et al., 2002; Trevino and Allen, 2013) .
In summary, the current study examined consonant and vowel identification under simultaneous and forward masking conditions. Older adults with normal and impaired hearing were tested to examine the effects of age and hearing loss in comparison to younger listeners with normal hearing. Spectral shaping was provided to minimize the effects of reduced audibility that are associated with hearing loss. Finally, a younger control group listened to spectrally shaped speech to assess potential perceptual consequences of shaping-related acoustic distortions.
II. METHODS

A. Listeners
Four groups of listeners participated in the study: younger adults with normal hearing (YNH; N ¼ 20, mean age ¼ 22 years, range ¼ 18-28), older adults with normal hearing (ONH; N ¼ 20, mean age ¼ 68 years, range ¼ 62-82), older adults with hearing loss (OHI; N ¼ 20, mean age ¼ 72 years, range ¼ 63-88), and a separate group of younger adults with normal hearing who listened to speech that was spectrally shaped based on the mean audiogram of the OHI listeners (YSC; N ¼ 20, mean age ¼ 21 years, range ¼ 18-25). Three additional OHI listeners were unable to obtain criterion scores in quiet and were not included in the analyses. All normalhearing listeners had pure-tone thresholds 20 dB hearing level (HL) at octave frequencies from 0.25 to 4.0 kHz. Inclusion criteria required hearing-impaired listeners to have audiometric thresholds <55 dB HL at 0.25 kHz, and <60 dB HL at 0.5, 1, 2, 3, and 4 kHz in at least one ear (i.e., test ear). Audiometric thresholds for each listener group are reported in Table I .
To control for audibility across all participants, all groups (except YSC) listened to speech that was spectrally shaped based upon their individual audiograms. The YSC group listened to speech that underwent a standard spectral shaping based on the mean audiometric thresholds of the OHI group. According to the Speech Intelligibility Index (SII; ANSI, 1997) , maximum speech intelligibility is obtained when the root-mean-square speech spectrum is 15 dB above the listener's hearing threshold. Spectral shaping of the stimuli was designed to restore audibility of the speech signal to this criterion through at least 3.15 kHz. For all experimental conditions, spectral shaping was applied to the combined speech þ noise signal. Figure 1 displays the mean audiometric thresholds in the test ear for each participant group along with the average speech spectrum following spectral shaping. Note that because audiometric thresholds were used for 1/3 octave band level calculations of the speech, two of the normal hearing groups (YNH and ONH) listened to speech that received little or no spectral shaping in the frequency range up to 3 kHz. However, due to somewhat elevated thresholds above 3 kHz for the ONH group, some spectral shaping was applied to the speech in this region. This spectral shaping helped to ensure adequate speech audibility for the ONH participants for higher frequency components (i.e., consonants). Following spectral shaping, the average overall speech presentation level was 71.5 dB sound pressure level (SPL) for YNH (SD ¼ 2.0 dB) and ONH (SD ¼ 2.2 dB) and 77.5 dB SPL for OHI (SD ¼ 6.0 dB) and YSC (SD ¼ 0.0 dB, all YSC listeners received identical spectral shaping).
B. Stimuli
Speech
Eighteen syllables spoken by a single male talker were selected from the UCLA version of the Nonsense Syllable Test (NST; see Dubno and Schaefer, 1992) . Three voiced stop consonants /b, d, g/ were paired with each of three vowels /i, A, u/ in consonant-vowel (CV) and vowel-consonant (VC) syllables. The original productions of these syllables were characterized by somewhat prolonged phonemes compared to what would be expected in fluent speech for sentence materials. Syllables varied in length from 468 to 636 ms. However, for sentence materials, average vowel and consonant durations are closer to 97 and 62 ms, respectively (Fogerty and Kewley-Port, 2009 ), resulting in average CV or VC syllables of approximately 159 ms. One of the purposes of the current study was to investigate temporal processes that may operate for natural speech productions, such as sentences. Because stimulus durations can influence forward masking (Kidd and Feth, 1982; Zwicker, 1964) , syllable materials were reduced in duration (procedures detailed below) to more closely model the timescales and temporal interactions that are likely to operate during typical speech conditions with forward and/or simultaneous maskers. Pitch cues that can provide supplemental acoustic-phonetic cues (e.g., Winn et al., 2013) to syllable identification were also removed by flattening the fundamental frequency to 100 Hz. This step helped to ensure that performance was based on temporal interactions between the speech and noise.
Temporal and pitch processing was implemented using STRAIGHT (Kawahara et al., 1999) , a speech analysis and synthesis program. Given the long duration of the syllables, linear time compression to 150 ms would result in removal of brief transient stop cues associated with the consonant burst. To preserve these acoustic-phonetic cues in the speech signal, nonlinear time compression was implemented that modeled the nonlinear effects of naturally producing more rapid speech (e.g., Janse, 2004) . For natural, fluent speech, time constraints in articulatory movements result in greater preservation of consonant duration relative to vowel duration at faster speaking rates (Gay, 1978; Max and Caruso, 1997) . Syllable intervals were defined by vowel periodicity and nonlinear time compression reduced syllable durations to 150 ms (62 ms). Syllables contained between 7-9 pitch pulses (i.e., number of voicing periods). The combined duration of the voiced closure and noise burst was 71.2 ms (SD ¼ 9.8 ms); the duration of the vocalic portion of the syllable was 78.3 ms (SD ¼ 9.5 ms). A paired t-test demonstrated no significant difference in the duration of these two portions of the signal (p > 0.05). Example waveforms for the final stimuli in quiet are displayed in the right panels of Fig. 2 .
Masker
A masking noise was created that matched the longterm spectrum of a concatenation of all of the processed (but not shaped) speech files (i.e., all 18 syllables). Given the homogeneity of the speech stimuli, mostly characterized by the spectrum levels of three vowels, the resulting masking noise was vowel-like, with broad resonant peaks, but the spectrum did not represent one of the tested vowels more than another. The noise spectrum ensured sufficient energetic masking of the vowel formants and is displayed in Fig.  3 in comparison to the syllable spectrum for the three vowels spoken in a /bV/ syllable. The masker also preserved some random fluctuations in periodicity and amplitude, as can be 0.25 8 (6) 9 (6) 9 (6) 18 (9) 0.5 6 (6) 6 (6) 10 (6) 19 (11) 1 4 (7) 5 (6) 9 (7) 24 (13) 2 4 (5) 7 (7) 9 (5) 35 (12) 3 2 (5) 6 (7) 10 (7) 44 (8) 4 3 (7) 4 (8) 14 (7) 52 (6) 6 5 (7) 5 (8) 20 (7) 57 (7) 8 4 (8) 8 (8) 33 (16) 65 (10) FIG. 1. Mean long-term speech spectrum levels (lines without symbols) and mean hearing thresholds (lines with symbols) for the four listener groups. Spectral shaping was based on each individual's audiometric threshold for YNH, ONH, and OHI listener groups. All YSC listeners received the same spectral shaping based on the mean audiogram of the OHI listeners.
observed from the bottom panel in Fig. 3 which displays the amplitude envelope derived by halfwave rectification and lowpass filtering using a sixth-order Butterworth filter with a 256-Hz cutoff. Thus, the masker can be thought of as having some fluctuating properties (not unlike Gaussian noise, see Stone et al., 2011) . This processing resulted in a spectrally and temporally complex masker. On each trial, a random 200-ms segment of this noise was selected from a 24 s noise file. A 2-ms raised cosine on/off ramp was then applied to the broadband noise masker.
Combined speech and noise presentation
Consonant and vowel identification was tested in quiet and in noise with the relative timing of the speech and noise determined by three stimulus offset delays: 10, 40, and 100 ms. The offset delay defined the time between the end of the noise and the end of the syllable. As syllables were 150 ms in duration, identification of initial phonemes was primarily determined by simultaneous masking, whereas final phoneme identification involved a combination of simultaneous and forward masking, which was defined by the offset delay. Stimuli were summed at these three offset delays using an SNR of À5 dB relative to the average syllable level. SNRs were equalized for all testing based on the average syllable level in order to model everyday listening contexts that preserve intrinsic differences in the level of vowels and consonants. Figure 2 displays these stimulus combinations for an example CV and VC syllable. From the figure, it can be seen that 10 and 40 ms delays resulted in partial simultaneous masking of the final vowel or consonant segment for CV and VC syllables, respectively. In contrast, for the 100 ms delay, only the initial segment was presented with simultaneous masking. Thus, final vowel or consonant identification with the 100 ms delay is dominated by the potential effects of forward masking.
C. Procedures
Experimental testing was completed in a sound attenuating booth, either at the University of South Carolina (for YNH and YSC groups) or at the Medical University of South Carolina (for ONH and OHI groups). Both laboratories were similarly equipped and used identical stimulus presentation and spectral shaping software. The participants listened to monaural stimuli presented at a sampling rate of 48 828 Hz via a Sennheiser HDA 200 headphone routed first through a TDT System III digital-to-analog processer (RP2 or RX6) and headphone buffer (HB7 or HB5). Testing was conducted in two phases for syllable presentation in quiet and noise, respectively. Syllable testing was blocked by CV or VC syllable and by consonant or vowel identification. The order of the blocks was counterbalanced across participants. Each block consisted of a three-alternative forced-choice task, with buttons labeled by the three vowels or three consonants. In order to facilitate participant attention to the target segment, an orthographic cue to the syllabic structure ("CV" or "VC") was displayed on the screen during testing.
For quiet testing, an initial training block was completed prior to the experimental block in order to familiarize participants to the task and processed syllables. During this training block, the correct consonant or vowel response was visually highlighted (i.e., the correct response button turned yellow) during stimulus presentation. Participants were required to listen to the stimulus and select the correct (i.e., highlighted) response. During experimental testing, no feedback was provided in order to minimize perceptual learning during experimental testing and provide stable performance between test blocks. If a participant did not obtain a phoneme identification score greater than 60%, the training and testing blocks were completed a second time. If the second score was greater than 60%, it was recorded as the participant's performance in quiet and served as a baseline measure of phoneme identification. Three OHI listeners could not obtain this performance level and were not included in the analysis with the remaining 20 OHI listeners.
Testing in noise consisted of identifying consonants or vowels with various durations of temporal overlap with the masker. Consonant and vowel identification blocks were again counterbalanced, but the noise overlap was tested in the following order: 10, 40, 100 ms, proceeding from the most temporal overlap to the least. Thus, testing proceeded from the most to least difficult temporal delay, which minimized potential learning effects between test blocks. Prior to each experimental block, participants completed a familiarization block without feedback. All stimuli were presented three times within an experimental block and all experimental conditions were cycled through twice. If a given condition had a difference in performance between the two cycles that was greater than 20 percentage points, a third run of that condition was completed. The average performance on the two closest experimental runs was used as the participant's score for each condition.
III. RESULTS
The results for the different experimental conditions were analyzed to determine the effect of phoneme type (vowel versus consonant) and syllable type (CV versus VC) for the four listener groups. Percent correct scores for all conditions were transformed to rationalized arcsine units (RAU) to stabilize the error variance prior to analysis (Studebaker, 1985) . Bonferroni correction was used for all tests involving multiple comparisons (i.e., t-tests discussed below).
A. Phoneme identification in quiet
Baseline scores in quiet were examined first. Mean initial and final vowel identification for all groups was at ceiling performance (>99%). Mean initial consonant identification was between 77% and 93% across groups, whereas mean final consonant identification ranged from 66% and 79%. These scores, converted to RAU, are displayed as the isolated symbols in Fig. 4 . Independent samples t-tests demonstrated that YNH listeners performed significantly better than the other three groups for consonant identification in CV syllables (p < 0.001). YNH and YSC listeners also performed better than ONH listeners for vowel identification in CV syllables (p < 0.001). No other group differences were statistically significant. Across all groups, vowel identification was better than consonant identification regardless of the syllable type (p < 0.001), and consonant identification was better with the consonant in the initial position than in the final position (p < 0.001).
B. Phoneme identification in noise
Analysis of initial phonemes
Identification of initial phonemes primarily indicates effects of simultaneous masking. However, up to $30 ms of the end of the initial phoneme was unmasked at an offset delay of 100 ms. Therefore, the 100-ms delay could preserve information in the formant transitions between the two phonemes. As can be viewed in Fig. 4 , identification of vowels was better than consonants for all listener groups across stimulus offset delays, although this difference in initial phoneme identification did not reach significance for YNH and OHI groups at the 10-ms delay. Overall, these results parallel the better identification performance for vowels in quiet.
Similar to the analysis of identification in quiet, a 2 (phoneme) Â 3 (offset delay) Â 4 (group) mixed model ANOVA was conducted (Table II) . Post hoc contrasts demonstrated that the most notable difference between these conditions is the significantly better performance for both younger groups compared to the older groups for consonant and vowel identification at the 100-ms offset delay (p < 0.05). This group difference indicates that younger listeners were able to capitalize on a release from masking for the formant transitions between the syllable segments and potentially the final portion of the initial segment. In contrast, older adults were only able to use these cues to a minimal degree in simultaneous masking to improve performance from the 40-ms condition. Indeed, whereas initial vowel and consonant identification by younger listeners significantly improved from 40-to 100-ms delays 
Analysis of final phonemes
The stimulus offset delays resulted in syllable final phoneme identification occurring with partial to no overlap with the noise. Thus, these conditions reflect either a combination of simultaneous and forward masking (i.e., 10-ms and 40-ms delays) or only forward masking (i.e., 100-ms delay). Examination of Fig. 4 demonstrates that the identification of final vowels in CV syllables is above chance for all groups when only 10-ms (i.e., one pitch period) at the end of the vowel is unmasked. This finding is in agreement with earlier reports of forward masking of vowels for younger and older adults (Humes et al., 2010) . However, older adults performed significantly poorer than younger adults in this condition [older: 57 6 16 rau; younger: 69 6 15 rau, t(78) ¼ 3.5, p < 0.001]. Consistent with this observation, the earlier report by Humes et al. (2010) found that older adults required an additional 20 ms delay to obtain performance similar to the younger adults. Vowel identification was markedly improved with 40-ms delays for all groups. However, additional benefit was not seen with a 100-ms delay. This finding suggests that the partial simultaneous masking in the 40-ms delay had little effect on performance. Instead, performance at these two delays may have been dominated by the effect of forward masking on the initial transition into the vowel. Evidence for this hypothesis can be observed by improved performance for quiet presentations relative to the 100-ms delay condition for ONH, OHI, and YSC groups (p < 0.01). (All groups had significantly poorer final vowel identification at a 40-ms delay compared to quiet, p < 0.01.)
Final consonants were mostly characterized by a weak voiced closure and a final transient noise burst. In the 10-ms delay condition, the final burst was mostly available in quiet, so scores were primarily determined by forward masking. However, only the younger participants were able to use this final burst to identify the final consonant when tested at 40 ms. Forward masking may have reduced perception of the burst following a 40-ms delay for older adults. This observation may be related to slower recovery from forward masking, as observed with fluctuating maskers for older adults with hearing loss (Svec et al., 2016) . Identification of the final consonant by older adults was observed with the 100-ms delay, indicating that some information from the formant transitions from the vowel into the consonant may be essential for older adults. Identification of final vowels with a 10-ms delay was higher for YSC subjects than for all other groups, including YNH (p < 0.001). Younger listeners performed better than both older groups for 40-ms and 100-ms delays for consonant and vowel identification (p < 0.01), except that YSC performance for vowel identification at 40 ms was not significantly different from ONH performance after correction for multiple comparisons. Performance for the OHI group was comparable to that of the ONH group, except for poorer performance for final consonant identification at 100 ms (p < 0.001). The YSC group also had poorer performance than the YNH group for this 100-ms condition, although this comparison did not reach significance after correction for multiple comparisons. In this case, acoustic distortions stemming from spectral shaping may have limited expected performance gains from increased audibility for the OHI group. However, the reduced performance for OHI as compared to YSC and ONH for final consonants with 100-ms offset delay suggests effects of both age and hearing loss on recovery from forward masking.
Comparison between conditions
One notable observation is that OHI listeners are the only group that did not match their quiet performance for final consonants with the 100-ms offset delay (p < 0.001). However, performance was poorer than in quiet for all groups for higher intensity final vowels in the 100-ms condition (p < 0.01), which reflected only forward masking, although differences for the YNH group were not significant (p > 0.05). Even for OHI listeners, effect sizes were larger for forward masking of the vowel (i.e., difference between quiet and 100 ms) than for the consonant (d ¼ 1.2 versus d ¼ 0.9, respectively). Thus, preserved properties of the initial vowel may facilitate identification of the final consonant when presented in quiet. Access to these vowel transitional cues in the 100-ms delay condition may be sufficient to obtain consonant identification scores comparable to quiet (except for OHI listeners). Figure 5 replots the identification data from Fig. 4 according to phoneme position across the consonant and vowel conditions. Comparison across these four panels indicates differences between consonant and vowel identification in noise. All groups demonstrate some ability to use just 10 ms (i.e., one unmasked pitch pulse) at the end of the vowel for vowel identification. This results in comparable performance for initial vowels with a 100-ms delay that provided some release of simultaneous masking at the end of the vowel. In contrast, all groups required a 40-ms delay of the noise in the final position to match their performance for initial consonants with 100-ms delay (although this later comparison was limited to younger adults who had above chance performance).
These results may highlight greater forward masking for final consonant cues. In addition, transitional cues from the final vowel aid in the identification of initial consonants (see also Delattre et al., 1955) . Thus, while listeners obtain benefit from a single pitch pulse for vowel identification, consonant identification in noise is most robust when additional information from the neighboring vowel is available or when additional time for recovery from forward masking is provided.
Correlational analysis
A correlational analysis was conducted to determine the association between the different measures of phoneme identification in noise for the younger (YNH and YSC) and older (ONH and OHI) listeners. Phoneme identification scores were collapsed across delays to provide global measures of phoneme identification in the presence of noise. Correlation coefficients in Table III demonstrate significant associations for the younger listeners (below the diagonal) between final vowel and final consonant identification and between either of the two final segments and initial vowel identification. However, identification of initial consonants in noise was independent of the three other measures. The significant associations may indicate a common perceptual ability in recovery from forward masking for the younger adults. One reason the initial consonant condition might not have clustered with the remaining measures is that younger adults required about 40-ms delay to obtain significant masking release for consonants (as seen with the final consonants across delays) but only required 10-ms delay for vowels. In contrast, correlations for older adults (in italics in Table III) demonstrated associations between initial and final position for both vowel and consonant identification and no associations between consonant and vowel identification. This result may indicate different effects of aging for vowel and consonant perception. Finally, it is notable that correlations between composite phoneme identification scores and puretone average (PTA) thresholds (1, 2, and 4 kHz) were not significant for the older adults (p > 0.05). The overall similar performance between OHI and ONH groups suggests that spectral shaping was generally sufficient to compensate for reduced audibility due to elevated thresholds, with two notable exceptions. PTA was significantly negatively correlated with (1) initial consonant recognition in quiet (r ¼ À0.33, p < 0.05) and (2) final consonant recognition at the 100-ms delay (r ¼ À0.50, p < 0.001). These results suggest that spectral shaping provided to OHI listeners with higher PTAs may not have been sufficient and that reduced audibility may have resulted in poorer consonant identification by some OHI subjects in these conditions. However, in these two conditions, YSC listeners also performed poorer than their agematched counterparts. Thus, given that higher PTAs require more spectral shaping, these significant correlations raise the concern that spectral shaping distorts some acoustic cues important for consonant recognition under certain conditions.
IV. DISCUSSION
The main pattern of results demonstrates that vowel and consonant identification in simultaneous and forward maskers is poorer for older adults than younger adults. Analysis of the different conditions suggests the involvement of periodicity and formant change, two speech cues known to facilitate the processing of consonants and vowels. Performance was similar for ONH and OHI groups when audibility was ensured by providing appropriate spectral shaping. One exception was for identification of final consonants, which was also reduced for the YSC group as compared to the YNH group and highlights potential acoustic or perceptual distortions related to spectral shaping rather than elevated thresholds. Overall, these results demonstrate the importance of speech cues related to periodicity and formant change and the acoustic effects of spectral shaping on vowel and consonant identification by the four subject groups.
A. Temporal envelope periodicity processing
Poorer vowel identification during forward masking may be related to poorer periodicity coding by older than younger adults. For example, older listeners demonstrate poorer periodicity coding of resolved harmonics in a fundamental frequency discrimination task than younger adults (Vongpaisal and Pichora-Fuller, 2007) . Reduced coding of temporal envelope periodicity for modulation rates above 100 Hz (i.e., the periodicity of a speaker's pitch) has been observed for older adults using behavioral (Schvartz and Chatterjee, 2012) and neural measures (Walton et al., 2002; Purcell et al., 2004; Leigh-Paffenroth and Fowler, 2006; Grose et al., 2009) . These results suggest that a reduction in periodicity processing combined with slower recovery from forward masking may limit vowel identification in noise for older adults with normal and impaired hearing.
In addition to perceptual aspects of periodicity processing, we also noted acoustic distortions of periodicity following spectral shaping. Naturally produced vowels contain some degree of aperiodicity due to turbulent airflow at the glottis (Hillenbrand, 1987) , which can be quantified using the harmonic-to-noise ratio (Yumoto et al., 1984; Awan and Frenkel, 1994) . Noise components in the high frequency spectrum can be emphasized during spectral shaping, which results in an amplified noise component. For example, examination of the /dV/ syllables indicated a decrease in the harmonic-to-noise ratio of 5 dB during the vowel portion of the syllable, which is a characteristic of reduced periodicity. Nevertheless, YSC and OHI listeners performed similarly to their age-matched groups for vowel identification. However, for consonant identification, reduced acoustic periodicity may combine with reduced periodicity processing by some older listeners or for some spectral shaping parameters. These combined factors could have had an effect on processing consonant cues and resulted in poorer consonant identification for OHI than for YSC groups.
B. Formant change
We also observed that older adults received less benefit compared to younger adults from transitional cues at the end of the vowel for identifying final consonants. This result is consistent with prior work showing that older listeners are less able than younger adults to use dynamic formant change to aid in consonant identification in silent center CVC syllables (Fox et al., 1992) . Thus, poorer processing of final consonants might also be due to the combined effects of forward masking of the consonant burst and poorer processing of dynamic vowel cues used for consonant identification. Incidentally, the reduced processing of dynamic formant change is also associated with poorer vowel processing (Fox et al., 1992) , which may relate to poorer initial vowel identification for older adults with the 100-ms delay. In this condition, the final portion of the initial vowel is in quiet, where transitional dynamics into the final consonant would be present. Poorer processing of these dynamic cues to vowel identification may help to explain this effect, potentially in combination with reduced periodicity processing.
C. Spectral shaping
The purpose of testing the YSC group was to determine the perceptual effect in normal control subjects of spectrally shaping the speech stimulus, which raises its overall level in addition to altering its spectral shape. Thus, as noted earlier, the YSC group only provided an acoustic control and did not model changes in suprathreshold auditory function by the impaired ear.
Overall, both YSC and OHI groups (groups with matched spectral shaping) performed similarly to their agematched counterparts. This general trend is in agreement with several studies that have documented that audibility is the primary peripheral factor contributing to poorer speech understanding by older adults (reviewed by Humes, 2013) . This observation also suggests that suprathreshold auditory deficits not controlled by spectral shaping, such as higher forward masking thresholds (Dubno and Schaefer, 1992) and poorer frequency resolution (Baer and Moore, 1993) , had a minimal effect on performance for the older listeners with hearing loss for the majority of the tested conditions. However, there were select cases that indicate a negative effect of spectral shaping. This result was most notable for the identification of final consonants with a 100-ms delay by YSC and OHI listeners. YSC listeners also performed poorer than YNH listeners for initial consonants in quiet. Spectral shaping may have altered the consonant burst spectra and disrupted important spectral shape cues used for discriminating voiced stops (Blumstein and Stevens, 1979) . This hypothesis may be supported by the finding that older adults with hearing loss, under similar spectrally shaped conditions, have poorer spectral shape discrimination compared to younger subjects (Shrivastav et al., 2006) . Furthermore, in previous work spectral shape discrimination was moderately correlated with nonsense syllable identification (Shrivastav et al., 2006) . Similar performance declines with spectral shaping for YSC listeners have also been observed when investigating consonant cues in sentences (Fogerty et al., 2015) .
It is also possible that reduced identification with spectrally shaped materials is partly due to the novelty of the shaped stimulus. While some initial training was provided to the listeners first in quiet, this exposure was brief, and performance for consonant identification did not saturate at a maximum performance level. The Ease of Language Understanding model, which incorporates episodic models of memory, predicts that the acoustic mismatch between the stored mental representation of the syllable and the spectrally shaped stimulus could have resulted in poorer processing (R€ onnberg et al., 2013) . Future studies will need to assess the benefit of additional exposure and training with shaped stimuli. The presence of acoustic and perceptual distortions may contribute to increased listening effort among individuals with hearing loss (e.g., Kuchinsky et al., 2013) . Furthermore, even when speech recognition has been maximized with appropriate amplification, small acoustic distortions can impact the speed of lexical decisions (Fogerty et al., 2014) and impair recall of items that were initially recognized successfully (e.g., Rabbitt, 1968; Pichora-Fuller et al., 1995; Surprenant, 2007) . Combined, these findings demonstrate the importance of quantifying acoustic and perceptual distortions imposed by spectral shaping to fully understand how signal processing may limit the benefit derived by improved audibility. Importantly, speech recognition measures should index processing speed, memory, and listening effort-abilities that may be sensitive to the perceptual consequences of listening to amplified and spectrally altered speech. This recommendation is particularly relevant for high-frequency, low-intensity consonants cues, which are most affected by spectral shaping.
V. SUMMARY AND CONCLUSIONS
The results of this study revealed differential effects of simultaneous and forward masking for perception of consonants and vowels and effects of age and hearing loss. As expected, vowels are more resistant to simultaneous and forward masking effects than consonants. This result likely occurs due to the greater intensity and temporal periodicity of vowels, which improve their salience during masking. In addition, forward masking of consonants extends over longer durations following the noise offset compared to masking for vowels (between 10 and 40 ms). Compared to younger adults, the results from older adults with normal and impaired hearing are consistent with a slower recovery from forward masking as observed for fluctuating forward maskers (Svec et al., 2016) . The similarity in performance for older adults with normal and impaired hearing suggests that the broader auditory filters typically associated with cochlear hearing loss do not fully account for reduced vowel identification. Instead, age-related declines for processing vowels in noise may occur due to poorer coding of vowel temporal periodicity. In addition, older adults with hearing loss are particularly vulnerable to forward masking of relatively brief consonants, even when audibility of these consonant features is ensured by spectral shaping.
Future studies will need to confirm these effects for speech recognition in the presence of fluctuating noise that occurs during real-world listening. Results of the current experiment suggest that consonant identification may require longer periods when the fluctuating masker level is low, whereas vowel cues remain robust during shorter fluctuations. Furthermore, older adults may require greater durations of preserved vowel cues. Poorer identification of brief consonants coupled with poor coding of temporal periodicity in vowels may limit the communication abilities of older adults in fluctuating noise. For sentence intelligibility in fluctuating maskers, performance may relate most directly to the perception of segments during temporal intervals at favorable SNRs, i.e., "glimpses." The effective duration of these favorable temporal intervals for successful phoneme identification can be quite short for younger listeners (i.e., one pitch period), whereas longer durations may be required for processing consonant cues and for older adults who have greater effects of forward masking and reduced periodicity coding.
